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SUMMARY

Tnis report iz of i résearch program, the object of whioh was 1o
elucidate the fundamental mechanism by which commercially avallable chemical
dispersants cause the dispersion or emuisification of spilisa of crude oils on
ccean surfaces. The program consisted of tws approaches.

First was an examination by eye, by still photography, by conventional
video photography, and by high speed video photography of the microscopic
dispersion process which occurs when a drop of dispersant lands on an oil slick
and induces dispersion. This study showed that the process is sufficiently
silow that it can be "ecaptured" by 30, cine or video photography at frames per
second and even by rapid motor-driven stilil photography. Some examples are
given showing the dispersion event which appears to consist of a "purst" of oi1
{probably containing dissolved surfactant and thus of low oil-water interfacial
energy} emulsifying into the water column as a cloud of variable-gized oil
droplets.

Second was a study of the amount of oi] digpersed as a result of
placement of drops of dispersant of known size and number on an il slick. To
aeeompiisﬁ this a novel method of generating small dispersant drops was
devised. The results tended to confirm earlier postulations that dispersion is
4 "Lwo regime" process.  Fipst is a "performance limitedn regime in which one

raant 1s able to disperse a Fived number of volumes of olil {ag,

[45]

voiume of disp
50 velumes). Second in the case of thinner slicks is 3 less effective

srder” or "access-limted™ regime in which one volume of dispersant is able io

L

disperse only a fixed fraction of the remaining oil, Ceg. 50%7.

The implications of these CTindings for countérmeasures, ressarch and




RESUME

On présente le compte rendu d'un programme de recherche consacré d 1'étude
du processus par lequel les dispersants commerciaux provoquent 1a dispersion ou
V'amylsification du pétrole brut 3 la surface de 1'océan, Pour ce faire, on a
procédd de deux fagons.

premiérement, on a 8tudié le processus de dispersion qui se déroule a
1 '8chelle microscopigue lorsqu'une goutte de dispersant tombe sur une nappe de
pétrole: on & suivi le processus & 1'ceil nu et on a examiné des images prises
au moyen d'un appareil photographique, d'une vidéo caméra ordinaire, et d'une
vidéo caméra i haute vitesse. On a constaté que le processus est suffisamment
lent pour qu'on puisse le suivre avec une cind caméra ou une vidéo caméra & 30
images par seconde el mdme avec¢ un appareil photographique rapide & moteur.
Dans les exemples présentés, la dispersion apparaft comme une “bouffiée" de
pétrole (contenant probablement du surfactant dissous, de sorte que 1'énergie &
1'interface pétrole-eau est faible) qui 5'&mulsifie dans 1'eau en formant un
nuage de gouttelettes de différentes grosseurs,

Deuxiénement, on a cherché d voir quelle quantité de pétrole est dispersée
dans une nappe soumise d 1'action d'un nombre déterminé de gouttelettes de
dispersant du grosseur connueé. pour ce faire, on a mis au point une nouvelie
méthode yui permet de produire de petites gouttes de dispersant. Les résultats
de ces travaux tendent & confirmer ce qu‘on avait supposé, soit que la
dispersion est un processus qui peut se dérouler suivant deux régimes
différents: un régime “1imité par 1'efficacitd" du dispersant, dans lequel un
volume donnd de dispersant disperse un nombre déterminé de volumes de pétrole
(p. ex., 50), et un régime moins efficace, “1imité par 1'accds", seion lequel un
volume donné de dispersant ne peut disperser qu'une fraction déterminée du
pétrole qui reste (p. ex., 50%) .

On parie de la signification que prennent ces observations dans le contexte
des mesures correctives prises en cas de déversement, de la recherche et de 1a
planification des mesures d'urgence.
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1. IKTRODUCTION

Recent research studies of chemical dispersion of oil spills nave shown
that a major cconcern is the possible lack of effectivensss of commercially
available products when applied to experimental spills. This iasue has been
discussed by Nichols & Parker {(1985), Mackay 2t al. {1985}, in a recent
Symposium Proceedings (Allen 1984), and in a series of papers in the bi-annual
Uil 5pill Conferences, notably those by Delvigne (1985), Lichtenthaler and
Daling (198%) and Lewis and Byford (1985). Whereas dispersants are usually
very effective under laboratory conditions, they are often disappointingly
effective under oceanic conditions. This may be due primarily to the
mis-application of dispersants at 3ea, for example underdosing thick slicks and
overdosing sheen or applying insufficient dosage. It is eclear that insights
into the performance of dispersants (and thus into their more effective
deployment) can be obtained by conducting basic studies of the mechanism of the
dispersion procesa. This implies observing the process directly, possibly with
the aid of vigeo photography, and making measurements of the amount of oil
dispersed under conditions in which there is controlled and reproducible
exposure of oll to dispersant. This project describes an attempt to satisfy

these objectives.,



2. EXFERIMENTAL

The dispersion apparatus uasd in this study was the Loubdle Tube
apparatus described by Mackay et al. (1984, 1985, 1986)., The advantage of this
apparatus 1s that it enables the dispersion process to De seen directly fron
ahove and below. In principle, the aim is to hold a sliick of oil, of variable
nut defined thickness, on a water surface where it is subject to radial shear
aurrents [n the underlying water. Dispersant is then introduced , drop by
drop, on the oil surface. Dispersion can be observed and measured by analysis
of the water, or more easily by measuring the remaining quantity of oil.

As shown in Figure 2.1 the apparatus conaists of a 5.4 em inner diameter
by 19 cm high glass tube fitted into a 9.2 cm inner diameter by 29 c¢m high
glass tube. 5ix radial glass supports on the inner tube ensure that it remains
centred within the larger tube and stable during flow. Both tubes were vapered
at the lower end. The inner tube is connected to a 7 mm inner diameter tube
and the outer tube to a 2.5 cm inner diameter opening. This opening is sealed
with a rubber stopper with one hole to accommodate the 7 mm tube of the inner
tube and the other to accommodate another 77 mm inner diameter glass tube which
{s sealed at the end and (s perforated with small holes to allow the flow of
water into the apparatus to be evenly distriubted. Thnis results in a uniform
fiow of water up between the Iwo tubes, radially inwards at the surface, and
aleng to and down the inner tubé.

Tre apparatus 1s aonnected to a constant level tank Wwitn Tygon subing as
shown in Figure 2.2 by adjusting the valves wnich control the water [lowrates
in and out of the apparatus. These valves allow the water ievel in the
apparatus Lo D raguiated.

For a typloal dispersion test, 2 steady Tiow af water (salinity 33 g/L)

a4t 2.5 L/min was started through the double tube apparatus, and the water tevel
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was set at 0.5 to 1.0 cm above the top of the inner tube. A known volume of oil

ead?

the dispersant

b
[¥3]
£

was added to the water surface from an appropriate pipette.

e
oy
343

trien added, regulating the drop size to the oll surface from a syringe with
tip located at a neight of ' to 2 om above the slick,

The ainimum drop diameter which could be delivered with the pipette was
about 2 mm. This 1s a factor of five larger than a typlcal drop delivered from
an alrcraft spray system. In order to reduce the drop size, a modified
dispersant delivery system was devised, This was based on a system used to
generate polymer encapsulated insulin-producing cells for in vitro implantation
in victims of diabetes (Sefton 1986). The system, illustrated in Figure 2.3
consisted of a syringe pump connected to a dispersant reservoir and a
nebulizing unit. The pump delivered dispersant at a desired rate to a
hypodermic needle which was mounted coaxially within a tube through which air
was flowed at a controlled rate. By increasing the air flowrate, the drops of
dispersant were sheared from the rneedle at smaller diameters, thus it became
possible to generate dispersant drops down to a diameter of approximately 0.4
Hii.

The average drop diameter was determined by ccunting the number of drops
delivered during tne discharge of a known volume of dispersant.

Te measure the amount of oil dispersed, the inlet and outlet flow of

i

water were clamped shut and the oll was allowed o settle For 2 minufes.

0
o
i
“f
Lik
[

3
Ay
fh
]
1]

known mass of Z.% em-sguare oil 3IM sorbent was placed on the oll/w
LG 80ak up the oii. The sorbent was then weighed to determine the amount of

oli remalning and dispersed. Allowance was made for the asocunt of water

To assist in interpreting the data obtained, Lwo series of photographig

records were cbtained of the dispersion process.
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Fizure 2.3 The Schematic Diagram of a Spraying Unit



In February 1986 a series of dispersion tests was conducted at the
University of Alberta with the assistance of Dr. Peter Smy and Dick Hales. Tre
System used was a Motion Analysis System Model SP 2000 consisting of a camera
with a solid state image sensor capable of scanning at a nigh rate of frames
per second. In this work a speed of 200 frames per second was used. The image
was processed and stored on video tape.

Three oils were tested, EPS Standard, Sable Island Crude 01l and Arabian
Heavy Crude 0ii. The dispersants used were (orexit 9527 and BP MA T700.

Density and viscosity data are given in Table 2.1.

Table 2.1: Density and Viscosity of 0il at Room Temperature.
Crude Density (g/mL) Viscosity (mPa.s)
EPS 0.8360 4.3
Sable Island 0.8520 2.
Arabian Heavy 0.8950 ST

The test conditions are given in Table 2.2.




Table Z2.2: Dispersicn Tests at the Unlversity of Alberia
#un No. View* 011 0il Vol Dispersant
1 T EPS Std. 5 mb MATCO
2 T EPS Std. 5 mbL 4527
3 T EPS Std. 3 ml 9527
b T EPS 8td. 3 mbL MATOO
5 T Sabie Island 5 mh MATCO
6 T Savle Island 5 mL 9527
7 T Arapian Heavy 5 ml 9527
8 T Arabian Heavy 5 mi MATOO
9 T Aratian Heavy 3 mL MATOG
10 T Arablan Heavy 3 mL 9527
" T Arabian Heavy 10 mb 9527
12 T Arabian Heavy 10 mbL MATOO
13 T ETS Std. 10 mL MATOO
TH T ETS Std. 10 ml 9527
15 T Sable Island 5 mbL 9527
16 T Sable Island 5 mk MATCO
17 T Sable Island 5 mL MATOO Repeat
18 T Sable Island 5 mbL MATO0 Repeat
19 8 3able Island 5 mbL MATOO
20 B Sable Island 5 mi 9527
21 B Arablan Heavy 5 mbL 9527
22 B Arabian Heavy 5 mL MATOG
23 B EPS 8td. 5 mL MATCO
24 B EPS Std. 10 mhL 9527
25 8 Sable Island 10 mL 3527
26 B Sable Island 3 mk 9527
27 B EPS Std. 3 mbL 9527
28 B EPS 5td. 5 mb 9527 (3 drops)
29 B EPS Std. 10 mL G527 (3 droeps)
30 B EPS Std. 5 mL 9527 {3 in 1 shot)
2% B EPS 5ud. 10 mb 9527 {2 in ' shot)
32 B EPS Std. £ mh 9527 {1 drop,i00 ul syringe)
33 ] EPS Std. 5 mL 9527 (100 ul gas syringe’

Ed .
T from tep, B from bottom.

Some additional conventional cine and still photography was conducted at
she Upiversity of Toronto using & Kodavision Zeries 2000 8 mm video camera and

an Olympus OM! camersa fitted with a motor arive.
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3. RESULTS AND DISCUSSION

The photography showed that after the dispersant drops landed on the oil
surface there was a delay of some seconds as penetration and sone mixing
cecurred.  If the dispersant drop reached the water surface intact, it caused a
sudden rupture of the interface and rapid herding. Presumably the total
water-dispersant-air interfaciazl energy is less than the water-oil-air €nergy.
Uispersant drops were observed to enter the water column and sink. Regions of
oil-water interface were observed to be unstable and subject to amulaification,
especially when agitated. Presumably the oil-water interfacial energy or
tension becomes very low and resistance to deformation becomes negligible,.

The University of Alberta results were stored on video tape and have
been supplied to the scientific authority. Since the record is black and white
it is often difficult tq discriminate between dispersant and oil. & colour
record is preferable, The dispersion process may take a total of one minute
thus very nigh speed recording can result in prolonged viewing times, The
ldeal recording spred is probably about 60 to 90 frames per second. Rapid
motor~driven still photography with a 35 mm camera is particularly attractive
because it gives a very clear print of various stages of the dispersion event.

Figures 3.1 to 3.8 are annotated prints of various stages of a typleal
dispersion process.

The times necessary for the digspersant drop Lo penetrate through the oil

Ltayer and reach the water surface are given below in Table 2.1,
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Figure 3.1
Initial oil slieck
of EPS corude oil
0.75 mm thick

i ur e 3.2
i persant
{dyed red) Dbdeing
added. The pipette
tip diameter 13
0.5 mm.

Fig
D 3




11.

Figure 3.3
t = 1.5 sec
Time 1.5 3
Neo sign o f
dispersion

Figure 3.4
Time = 2.0 3
First sign of
Interfactial
activity
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Figure 3.5
t = 2.5 seC
Congiderable

interfacial
activity including
‘v o r t i ¢ e 8

Figure 3.6

Time = 3.0 s
Continuing inter-
facial activity
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Figure 3.7
t = i a
Continuli
B dispersion

e c
ng

Figure 3.8
Continuing
activity but the
interface is
beginning Lo
stabilize



14,

Table 3.1: Times [seconds) for the Dispersant to Sink Through the (il Phase
o the Oil-Water Interface.

Oit Siick Thickness (am) Corexit - 9527 BP ~ MATGO
EFs 0,45 1.892 2.69
0.75 5.72 o
1.50 2.30 1.30
Sabie island 0.75 0.5 0.5
Arabian Heavy 0.h5 19.7 20.7
0.75% 25.98 22.21%
1.5 25.6 22.20

These results indicate that oil viscoaity is the Kkey determinant of
sinking time. A 1 mm slick af these three 0ils will experience times of

approximately:

EPS : 3 seconds Viscosity: 4,8 m.Pa.s
Sable Island: 1 second Viscosity: 2.4 m.Pa.s
Arabian Heavy: 25 seconds Vigcoaity: 64 m.Pa.s

Thus it appears that the tinme for penetration of a 1 mm slick (in
seconds) 1a approximately half the viscosity (in mPa.s). An implication is
rnat for very viscous oil slicks, eg. 1000 or 10000 mPa.s or centipoise, the

punetralion time may L@ many minutes or even hours. During that time there 18

>

a2 possibility that the dispersant will De washed off the oil. [t is suspected

&

chat olls may form a "skin™ adjacent Lo the water interface which will further
impede migration of surfactant to the interface.

[t is believed that dispersant drop diameter has an effect on dispersing

HEE

Lt

efficiency [Mackay gt al. 1985Y, To investigate this a serles of test



conducted varying the drop diameter from 2.2 to 3.0 mm dropping the dispersant
from the needle, The resultfs are given in Figure 3.9.

in the early range when less than 30% of the oil siick was dispersed
there was no elfecl of dispersant drop size. At higher percentages, ie. whean
the slick Dbecame thinner than ¢.30 mm there was a definite effect for a larger
number of smaller drops to be more effective., But in this seceond regime the
slopes of the linea decrease and the dispersant is clearly less efficient.

In the early regime each volume of dispersant dispersed approximately 50
volumes of oil, but this ratio dropped to about 20 at higher dispersant
amounts. This behavior is consistent with the '"performance”™ and '"access”
regimes discussed by Mackay et al. (1985),

These resuits suggest that each drop of dispersant is able to disperse
gpproximately 50 times its volume of oll until the oll slick thins to the point
that the volume of oil which is to be accessed extends over a region of
diameter 10 to 12 times the drop diameter, As the slick thins the volume
disperged per drop falls in a first order manner. This diameter factor (here
10 to 12) was described earlier by Mackay et al. (1985), a value of 5 being
ugsed to fit data from a variety of experimental slicks.

Figure 3.10 gives the results in the range 0.5 to 1.5 mm diameter.
These results are not strictly comparable with those in Figure 3.9 because the
delivery velocity was different. Thess resulis are similar in naturs showing
an initlal near linear BGehaviour but with a reduction in amount diapsrassd as
the dosage lncreases.

It appears that smaller dispersant drops consistently give better
e fectiveneas. An  interpretation of this 1s that tc be effsctive tLhe

dispergant must be fully dissclved in tne ¢il and thus able to migrate to the
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Figure 3.9: Effect of Dispersant Drop Size on Dispersion
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Figure 3.10: Effect of Dispersant Drop Size on Dispersion
- Spraying.
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olil-water Interface in molecular form. Smaller drops, witn & larger
area/volume ratlo, dissolve more rapidly and thus approach miscability more
completely. Larger drops, especially those of diameter comparable tc the slick
thickness, dissolve more slowly and may penetrate the oil slick and reach the
oll water interface in a near-intact form. They can then cause heading, or
they may continue to fall on into the water phase as a dispersant drop, slowly
dissolving into water. In either case, effectiveness is reduced.

Figure 3.11 and 3.12 show the results of applying the Corexit 9527 to
abicka of EPS ¢il of varying thickness from 0.30 ana 0.75 mm. Two methods of
applying the dispersant were used:

(i Multi~hit application In which the dispersant

drops were added at intervals of 30 seconds.

(i1} Single-hit or “one-~shot" application in which

the drops were added {n immediate succession.

Figure 3.11 shows that the besat results were obtained by one-shot
application to the thinner slick, but that multi-hit application was betfter on
the thicker slick. Figure 3.12 shows consistently better multi-hit
performance. It is possiple that these results reflect mainly an improved
abliity of the operator to place the dispersant drops on the o0il surface (as

G by
iiez

distinct  from placiag  them ilnadveritently on the water surface; wnen
applilcation s 3ilower andg the il has more time o assemble into a alick. it
sanoula be #noted that these dispersant drops are large compared to the drops
whicn would be generated by a dispersant-apraying aircraft, le. ¥ mm vs. 0.4
mm.

Trnese  results  support  the hypothesis {8 that w0 beg &

dispersants  must  mix  or  dissclve intoe the oil snd form 2 sclution  of
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Figure 3.11: Dispersion test - drop size diameter 2.8 mm
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Figure 1.12: Dispersion test - drop size diameter 0.75 mm
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surfactant. Tnis solution must be sufficiently concentrated that there i3
appraeciable partitioning tc the interface to reduce its interfacial tension,
Tt must be of sufficient concentration that when an oll drop is shearedoff, new
dispersant can migrate to the interface and repeat the dispersion process.
Presumably this dissolution process is facilitated by the solvents present in
the formulation. Small drops with high area to volume ratios are likely to miX
more rapidly into the oil. The dispersants are almost invariably denser than
the oil thus the drops tend to sink intoc the oil phase. The rate at which they
do this is controlled primarily by the oil viscosity. Observations by
Martinelli and Lynch {1980) and others that there is an optimum viscosity for
dispersion may be a result of (i) the tendency for dispersant to fall too
rapidly through low viscosity oils and thus experience littie mixing and {81
the tendency for dispersant not to penetrate into the oil if the oili is too
viscous. In the latter case, it may De washed off or roll off.

One approach towards quantifying effectiveness may pe to estimate the
extent of dissolution of dispersant drops of various sizes when contracted with
oils of various properties and slick thicknesses.

A dissolution rate could be postulated as being the product of some
penetration or dissolution velocity K and drop area A. A drop of diameter D
will thus dissolve ab a rate KA m*/8 and will shrink In volume by tnis rate.

¢ Follows that sinee volume is #D*/6 and area is #D?® the differentlal equation

et

.
[

dv/de = d{7D*/6) = ~KA = -KaD?



]
o

ar gDsdt = -2K

or D =D - 2 Kt

where D is the initial drop diameter. This model predicts that diameter wiil
[

shrink linearly with time. The drop volume will thus fall according to
V= 1D/6 = w(D -2 Kt)*/6 =V (1 -2 Kt/D)°?
o o O

where Va is the initial dispersant drop volume {5903/6}.
If exposure to dissolution is for a time T then the volume of dispersant
digaolved will be (VO - V) or Vo(1—(1—2 KT/DO}a)

The fraction of dispersant dissolved will be this quantity divided by VO or,
- - 3
1-(1-2 KT/Do)

The maximum value of unity will be reached when 2 KT equals Do'

This equation suggests that the critical variable is the dimensionless
group 2 K?fDO consisting of the dissolution "velocity" K, the drop diameter Do
and the available dissolution time T, provided that the time is less than Doiz

oy

K. it the drop dissolves completely 1.8, £ K?!%Q excesds | the 4issclution
Lime becomes unlmbortant. If it is completely dissolved f.e. 2 KT/0 is less
tnan 1.0 the time is unimportant and effective dispersion is expected.

The obvious approach for estimating the dissclution time (s Lo invoke

Stokes' Law that
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U= gD?*hap/18 y

where U {3 velocity g 1% the gravitational constant, D is diameter, 4p IS
density difference and u is c¢il viscosity. But D changes with time as
described above thus the drop falling velocity is8 reduced and may eventually
become zereo when it vanishes.

The analysis becomes complicated because D falls with time and it is
also likely that K is dependent on velocity. It should be possible to set up
the differential equation in diameter, velocity, penetration depth and time and
solve it numerically. Inapection of the nature of this equation indicates that
dispersant drop diameter, slick thickness and o0il viscosity will be the
critical variables., The aim of dispersant application is to maximize the group
2 kT/DO, i.e. force it as close to 1.0 ar possible since this ensures a high
proportion of dissolution,

These model-derived deductions are entirely consistent with observations
of disperasant effectiveness. This consisting suggests that the modeling
approach has valldity and the promise of elucidating the nature of the
phenomena which control dispersant effectiveness.

It is recommended that experiments be designed to test this mixing
digsolution hnhypoihesis. It is possible that positive results could visld a

ignifiicant  improvement in  understanding of the nature of the Tactors

Lix

influencing dispersant effectivensss.



24.

4,  CONCLUSIONS

This study has shown that the double-tube system is convenient for both
viewing the dispersicn process and for determining the effectiveness of
dispersants, A novel method of generating small dispersed drops has been
derived.

The results show that small drops of dispersant are more effective tend
to confirm the existence of two dispersing regimes with a transition cccurring
at a particular oil slick thickness.

Some preliminary assessment has been msde of the role of dispersant-oil
miscing phenomena from which it is included that fundamental study of tis

phenomena is desirable.
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